It is unknown whether right-ventricular (RV) volume overload caused by an atrial septal defect (ASD) still has its effect on RV deformation long after repair. We evaluated RV and left-ventricular (LV) deformation beyond 30 years after surgical ASD repair in childhood, and studied relationships with conventional diagnostic parameters.
Introduction
Atrial septal defect (ASD) is one of the most common congenital heart defects with an estimated birth prevalence of 1.6 per 1000 live births. 1 When repaired at young age, ASD patients have a life expectancy similar to the general population. 2 -4 Before closure, patients with an ASD have right heart volume overload caused by left-to-right shunting. Some patients also have anomalous pulmonary venous return which will result in right heart overload. The rightventricular (RV) volume overload and increased end-diastolic dimensions are well tolerated for many years, 5 but eventually diminished RV function, hypokinesia, and heart failure tend to occur, resulting in an increased morbidity, e.g. arrhythmia, and also higher mortality. 6, 7 Even when ASD repair is performed in childhood, some studies report RV dilation or impaired RV function in a substantial part of the patients. 4, 8, 9 The effect of the preoperative chronic volume loading on RV function in later life is still not completely elucidated.
The recent introduction of speckle-tracking echocardiography (STE) provides objective measurements to quantify segmental and global ventricular function, independently of angle and ventricular geometry. 10 One of the measurements is strain imaging, also known as myocardial deformation imaging, and may detect subtle ventricular dysfunction. Although strain imaging is mainly developed for left-ventricular (LV) mechanics, it can also be used to study the RV myocardial deformation. 11 Earlier studies, mainly performed in small patient samples with transcatheter ASD closure, have shown that RV peak systolic longitudinal strain values are increased before closure, and decreased after closure. 12 -14 However, no data are available about strain in adult patients late after surgical ASD closure in childhood.
The aim of this study was to evaluate LV and RV myocardial deformation in adult patients at least 30 years after successful surgical ASD closure, and to investigate relationships with ventricular dimensions and function, exercise capacity, N-terminal pro-Brain Natriuretic Peptide (NT-proBNP), and surgical characteristics.
Methods

Study population
We approached all patients who had undergone surgical repair for ASD between 1968 and 1980 in our institution. The protocol of this prospective study included echocardiography, 12-lead electrocardiogram (ECG), bicycle ergometry, cardiac magnetic resonance (CMR) imaging, and NT-proBNP measurement, all performed on the same day. Exclusion criteria were the presence of a pacemaker, atrial fibrillation or flutter, and poor quality of echocardiographic images. Baseline characteristics were collected as age, sex, and surgical data. Echocardiographic data of the patients were compared with data of healthy controls. The healthy controls were voluntarily recruited by an advertisement. They had no medical history or current symptoms suggesting cardiovascular disease and did not take chronic medication.
The study was carried out according to the principles of the Declaration of Helsinki and approved by the local medical Ethics Committee. Written informed consent was obtained from all patients.
Echocardiography
Two-dimensional greyscale harmonic images were obtained in the left lateral decubitus position using an iE33 ultrasound system (Philips Medical Systems, Best, the Netherlands) equipped with a transthoracic broadband S5 -1 (1 -5 MHz) or X5-1 matrix transducer (composed of 3040 elements, with 1 -5 MHz extended operating frequency range). We used the guidelines of the American Society of Echocardiography for chamber measurements, including LV ejection fraction (EF), RV fractional area change (FAC), and tricuspid annular plane systolic excursion (TAPSE). 15, 16 These measurements were used in combination with visual assessment to grade systolic LV and RV function. For the assessment of valvular regurgitation, we used recommendations of the European Association of Echocardiography. 17, 18 For estimating the presence of pulmonary hypertension by echocardiography, we used the guidelines of the European Society of Cardiology. 19 To optimize STE, images were obtained at a frame rate of .60 frames/s.
Speckle-tracking analysis
Offline analyses of the data sets were performed using STE by QLAB version 9.0 (Philips Medical Systems, Best, the Netherlands). Peak systolic longitudinal strain and strain rate of six LV segments were measured at the standard apical four-chamber view. LV global longitudinal strain (GLS) was based on strain measurements of 17 segments at the apical four-, two-, and three-chamber views ( Figure 1A ). For the analysis of RV lateral wall GLS, RV segmental strain and RV segmental strain rate, we defined the endocardium at the RV-centred apical four-chamber view ( Figure 1B) . The LV algorithm was applied for both the LV and RV. After positioning the tracking points on an end-diastolic frame, the program tracked these points on a frame-by-frame basis. If tracking was suboptimal, we retraced the endocardial border. LV and RV longitudinal strain and strain rate were defined as the peak negative value on the curve during the ejection phase. Data were exported to a spreadsheet program (Excel; Microsoft Corporation, Redmond, WA, USA).
Cardiac magnetic resonance imaging
CMR imaging was performed using a Signa 1. 
NT-proBNP measurement
Peripheral venous blood samples were collected after 30 min of rest. Plasma NT-proBNP levels were determined with use of a commercially available electrochemiluminescence immunoassay Elecsys (Roche Diagnostics, Basel, Switzerland). The normal value for NT-proBNP in our hospital is ,14 pmol/L. Intraobserver variability was assessed by repeated analysis of the data sets at least half a year after the initial analysis and blinded to the initial results. Assessment of interobserver variability was performed by a second observer in half of the data sets. The agreement between two measurements was expressed with Bland -Altman's limits of agreement (mean of the differences + 1.96 SD). 22 
Statistical analysis
Results
Study population
An overview of the patient participation and feasibility of the strain measurements is presented in Figure 2 . Bicycle ergometry was not performed in two patients due to inability and CMR was not performed in five due to refusal or claustrophobia. In all healthy controls, Figure 1 Left-ventricular (A) and right-ventricular (B) longitudinal strain measurements. The left ventricle was traced at the apical four-, two-, and three-chamber views at end diastole. The walls were automatically divided into seven segments at each view. The segmental strain measurements were plotted in a bull's eye and the left-ventricular global longitudinal strain was calculated. The right-ventricular lateral wall was traced from base to apex at end diastole. The lateral wall was automatically divided into three segments. The global longitudinal strain of the lateral wall was calculated from these three segments. AP4, apical four-chamber view; AP2, apical two-chamber view; AP3, apical three-chamber view; GL, global longitudinal.
LV strain measurements were feasible. RV lateral wall strain could be measured in 18 of the first (60%) 30 controls and, due to the steep learning curve, in 20 of the last (95%) 21 controls. Table 1 shows the baseline characteristics of all patients and controls. In a subanalysis of patients with feasible RV strain, the characteristics were comparable with those of the controls.
The included patients were studied 35.4 + 2.9 years after surgical closure. Five patients used cardiac medication: metoprolol (n ¼ 2), sotalol (n ¼ 1), flecainide (n ¼ 1), and ACE-inhibitor (n ¼ 1). Three of these also used statins and oral anticoagulants.
In all patients with a sinus venosus type defect, a patch was used for closure; of the patients with a secundum type defect, a patch was used in only two (5%) patients. All patients with sinus venosus type defect had a partial abnormal pulmonary venous return before repair. Conventional echocardiographic characteristics of the patients and controls are presented in Table 2 . Of these characteristics, only TAPSE differed significantly between patients with secundum type defect [20 mm (IQR 16 -22 mm)] and sinus venosus defect [17 mm (IQR 13 -18 mm), P ¼ 0.006]. In a subanalysis of patients with feasible RV strain, no significant differences were found in LV and RV dimensions compared with those of controls.
One patient possibly had a minimal residual shunt. Pulmonary regurgitation was absent in 48 (94%) patients, mild in 2 (4%), and moderate in 1 (2%). Tricuspid regurgitation was absent in 20 (39%) patients, mild in 29 (57%) and moderate in 2 (4%). None of the patients had severe pulmonary or tricuspid regurgitation. Echocardiographic signs suggestive of pulmonary hypertension were not found. Figure 3 shows the peak systolic LV GLS and the peak systolic longitudinal strain of six different segments. The mean LV GLS was similar between patients and controls. When focused on the different segments of the LV, only the apical septal strain was significantly lower (less negative) in patients than in controls. The mid-septal strain tended to be lower in patients (P ¼ 0.059).
Left-ventricular longitudinal strain
Right-ventricular longitudinal strain and strain rate Figure 4 shows the peak systolic RV lateral wall GLS and segmental longitudinal strain. The mean RV lateral wall GLS was significantly lower in patients than in controls. In 15 (52%) patients, the RV lateral wall GLS was lower than the strain value of the 95th percentile (220.7%) of the controls. Of the three RV lateral wall segments, particularly the apical longitudinal strain was significantly lower in patients. In 13 (45%) patients, the RV apical strain was lower than the strain value of the 95th percentile (218.5%) of the controls. A positive correlation was found between RV lateral wall GLS and LV GLS in the patient group (r ¼ 0.47, P ¼ 0.023). . Qp/Qs-ratio before repair did not correlate with LV GLS nor with RV lateral wall GLS, but when focused on the segmental strain a significant correlation was found between Qp/Qs-ratio and the RV mid-segment (r ¼ 20.46, P ¼ 0.016). Two patients had a preoperative mean pulmonary artery pressure ≥25 mmHg, namely 26 and 29 mmHg. One of these patients had a RV lateral wall GLS of 223.7% which is significantly higher than the mean RV lateral wall GLS in the patient group (P , 0.001); in the other patient RV strain was not feasible. No correlations were found between strain and preoperative mean pulmonary artery pressure, age at repair, aortic cross-clamp time, or current age. None of the patients had a complete right bundle branch block and 12 (24%) had an incomplete right bundle branch block. RV lateral wall GLS and LV GLS were comparable between patients with an incomplete right bundle branch block and patients without (P ¼ 0.407, P ¼ 0.210, respectively). The median NT-proBNP level was 13.7 pmol/L [IQR 8.7 -23.4 pmol/L]. NT-proBNP was elevated in 25 (50%) patients. Logtransformed NT-proBNP did not correlate with LV GLS or RV lateral wall GLS.
With bicycle ergometry, all patients reached a respiratory exchange ratio .1.0 considering a maximal exercise performance. The mean peak heart rate was 91 + 12% of the expected value; peak workload 97 + 19%; and peak VO 2 96 + 27%. The peak workload tended to correlate with RV lateral wall GLS (r ¼ 0.34, P ¼ 0.076). No further evident relationships were found between these variables and LV GLS or RV lateral wall GLS.
Echocardiographic and CMR-derived parameters
CMR-derived characteristics are presented in Table 2 . LV dilation was measured in 3 (7%) patients and RV dilation in 7 (16% 44 -51%), P ¼ 0.044]. Correlations of strain measurements with echocardiographic-derived dimensions and with CMR-derived volumes are summarized in Table 3 .
After exclusion of the patients with a dilated RV, the mean RV lateral wall GLS remained significantly lower in patients (220.6 + 2.9%, P , 0.001) than controls.
Inter-and intraobserver variability
The interobserver variability was 20.29 + 1.64% for the LV GLS at the apical four-chamber view, and 0.39 + 2.89% for the RV lateral wall GLS. The intraobserver variability was 20.21 + 1.40% for the LV GLS at the apical four-chamber view, and 0.04 + 1.99% for the RV lateral wall GLS ( Figure 5 ).
Discussion
A remarkable observation in this prospective study is the decreased RV global and segmental longitudinal strain in ASD patients more than 30 years after surgical repair at young age. To the best of our knowledge, this is the first study to assess myocardial deformation with STE in adult ASD patients long after their initial repair.
Left-ventricular longitudinal strain
The mean LV GLS of our patients was comparable with that of controls. A study performed in adult ASD patients who underwent percutaneous closure also described a normal LV GLS before, as well as after the closure. 12 When focused on the different segments, the strain of the apical septum was decreased, possibly due to the diminished RV function which interacts with the septum. We did not see relationships of LV strain with LV echocardiographic and CMR-derived parameters, probably because of the small ranges and normal values in almost all patients in our group.
Right-ventricular longitudinal strain
Even though the patients were already operated in childhood, we still observed a decreased peak systolic RV lateral wall GLS. This reduction is presumably a result of preoperative chronic volume overload or is related to the closure technique. In children and adults with an open ASD, RV GLS is increased in comparison with healthy controls. This increase is caused by volume overload, 12 -14,23 and induces RV remodelling which possibly also took place in our patient group before closure. In patients undergoing closure at adult age, RV dilation is a relatively common finding, 13, 24 but even when closure is performed at young age, some studies report impaired RV function or dilation in a substantial part of the patients. 4, 8, 9 These findings in combination with our results suggest that even when ASD patients are operated at young age, RV remodelling already took place leading to decreased strain of the RV lateral wall. In addition, the surgery itself, including factors such as closure technique, use of cardiopulmonary bypass or hypothermia, might also contribute to decreased RV deformation. To confirm that surgery is a possible cause, a longitudinal study is required comparing strain values of patients with a surgically closed ASD with values of patients with a percutaneously closed ASD after the same follow-up period.
The strain was most decreased in the apical segment, which is in line with studies by Van de Bruaene and Jategaonkar, 13, 14 though almost all of these ASDs were closed percutaneously and at adult age. The more profound impairment of the apical deformation, could be explained by several possible causes. 25 -27 The first explanation could be the RV geometry and anatomy: the apical portion of the RV is thinner and more trabeculated than the basal portion. When the wall is thinner, the passive wall stress is higher, which is inversely related with strain and therefore results in smaller longitudinal deformation. A second possible explanation is that in remodelled RVs of ASD patients, the apical segment seems to be more straight than in healthy subjects. The wall stress is higher in structures with straight walls. Thirdly, it could be possible that in some RVs a hypertrophied moderator band and trabeculations lead to a smaller regional volume and therefore might decrease the apical deformation. 28 Lastly, it could be explained by alterations of b-adrenergic receptor signalling. RV volume overload leads to b-adrenergic signalling abnormalities, e.g. increased levels of b-adrenergic receptor kinase 1, and redistribution which result in a significant reduction in chamber contractility.
It is important to mention that myocardial deformation does not directly reflect contractility, but is influenced by preload, afterload, and ventricular volume. 29, 30 However, these studies involved only the LV. In our study, lower RV lateral wall GLS was moderately associated with greater RV volumes. In a subanalysis of patients with RV Figure 4 Right-ventricular lateral wall global and segmental longitudinal strain in ASD patients (n ¼ 29) and in healthy controls (n ¼ 38). This figure presents the mean peak systolic rightventricular lateral wall global longitudinal strain measured at the apical four-chamber view, and the mean peak systolic strain of the three segments of the right-ventricular lateral wall. The error bars show 95% confidence interval. *After adjustment for multiple comparisons by the Bonferroni correction, P , 0.017 was considered statistically significant. GLS, global longitudinal strain; RV, right ventricular.
volumes in the normal range, the RV lateral wall GLS remained significantly lower in patients than in controls. Thus, even when the possible confounding influence of ventricular volume is excluded, the mean RV lateral wall GLS of the patients remains decreased.
Surgical characteristics, ECG, NT-proBNP levels, and exercise testing
Patients with sinus venosus defect had lower RV and LV GLS than patients with secundum type defect. The TAPSE and CMR-derived RV EF were also lower in this group. These differences may be explained by the partial abnormal pulmonary venous return in patients with sinus venosus defect or by the surgical technique that has been used: all patients with sinus venosus type defect received a septal patch, whereas only a few of the patients with secundum type. The preoperative mean pulmonary artery pressure and Qp/ Qs ratio were comparable between the two groups. These findings suggest that the type of defect itself or type of surgical repair play a more important role on RV GLS than the degree of RV volume overload. This is in accordance with the finding by Kowalik et al. 31 who
concluded that RV deformation of the base and apex did not differ significantly in patients with various degrees of left-to-right shunts. However, a relationship was observed between RV deformation of the mid-segment and Qp/Qs ratio. Patients with moderate left-toright shunts had the highest strain values. 31 We found that higher preoperative Qp/Qs ratio was associated with higher strain of the RV mid-segment. The presence of an incomplete right bundle branch block does not seem to affect the RV lateral wall GLS in our cohort. We did not find a relationship between NT-proBNP levels and RV or LV GLS. The clinical relevance of NT-proBNP in this group of patients remains unknown.
Regarding the cardiopulmonary exercise testing in our study, RV lateral wall GLS tended to correlate with peak workload, which points out the potential clinical significance of decreased RV lateral wall GLS. However, no relationship was found with peak VO 2 , which is in contrast with the relationship of RV apical strain with peak VO 2 found by Van De Bruaene et al. 14 This disagreement may be due to the smaller number of patients in our study with feasible RV strain as well as performed peak VO 2 . We could not draw conclusions with regard to arrhythmias, because patients with arrhythmias were excluded. Therefore, clinical relevance of decreased RV lateral wall GLS seems limited. To find out whether decreased strain is an early marker for detecting right heart failure in a preclinical phase which could lead to manifest and clinical relevant heart failure in later life, a longer follow-up of these patients needs to be established. Routine clinical follow-up with long intervals might be advisable for these patients.
Echocardiographic and CMR-derived parameters
A positive relationship was observed between RV lateral wall GLS and LV GLS. Furthermore, RV lateral wall GLS correlated not only significantly with RV parameters, such as longitudinal dimension and end-diastolic and end-systolic volumes, but also with LV parameters, such as fractional shortening and end-diastolic and end-systolic volumes. These findings are possibly a result of the mechanical interaction between the ventricles due to the continuity of the muscle fibres which binds the ventricles together. 
Limitations
We only measured peak systolic longitudinal deformation. Analysis of radial and circumferential deformation may have provided additional information, but shortening of the RV is larger longitudinally than radially, and therefore contributes more to RV contraction. 27 We assumed that the same applies to the RVs in ASD patients. In addition, the RV radial and circumferential strain measurements are not available on our QLAB software. Rotational movements play a significant role for LV function, but we decided to measure strain in longitudinal direction making comparisons with RV strain clearer. In case of RV disease, the interventricular septum could be affected. We considered the interventricular septum as an LV structure because the QLAB software has been developed for the LV shape.
Although we approached all eligible patients who were operated between 1968 and 1980 in our clinic, we must state that there could be a selection bias in participation of patients regarding disease severity. RV strain was feasible in 29 (57%) patients which could induce selection bias. However, baseline characteristics of patients with feasible RV strain, as well as without feasible RV strain, were comparable with the baseline characteristics of controls, apart from the higher BMI in patients without feasible RV strain. The small number of patients with feasible RV strain (n ¼ 29) limits the statistical analyses and power of the study.
Conclusions
Even though surgical ASD repair was already performed in childhood, RV lateral wall GLS is significantly decreased 35 years after closure. This reduction in strain is presumably a result of chronic volume overload before repair, but also the surgery itself could have affected the RV. LV GLS is comparable between the patients and controls. A prospective longitudinal study is required to determine whether decreased strain is an early marker for detecting heart failure in a preclinical phase which could lead to manifest right heart failure. A routine clinical follow-up with long intervals might be advisable for these patients.
